INTRODUCTION
There were no significant differences between any of the treatment groups for liver glycogen reserves. Serum glucose level at hatch was quadratic, and the glucose level was maximized between supplemental 2.5% M + 2.5% S and supplemental 3.5% M + 3.5% S. The pectoral muscle glycogen reserves increased quadratically as supplemental carbohydrates increased, and the response was maximized by injecting 2.5% M + 2.5% S.
In conclusion, the present results demonstrate that the injected carbohydrates are available for use and storage. In ovo feeding of carbohydrates, especially at the level of 2.5% M + 2.5% S, on 14.5 d of incubation can improve the hatchability, BW, and PMW by elevating the pectoral muscle glycogen reserves in domestic pigeons at hatch. Results also suggested that in ovo injection of carbohydrates could increase the yolk sac nutrient utilization and hence might enhance the pigeon enteric development.
To date, research attention has been focused on the possibility of improving the energy status of embryos by IOF in precocial birds, such as chicks (Uni et al., 2005) , turkeys (Foye et al., 2006) , and ducks (Tangara et al., 2010) . However, there are no studies on IOF of an altricial species. Compared with precocial birds, energy metabolism in late-term embryos and neonates in the pigeons, an altricial bird, is poorly understood. Although the altricial birds have a lower energy cost due to a smaller embryo mass during a less proportion of the incubation than precocial birds (Vleck and Vleck, 1987) , the carbohydrates naturally available in eggs may also not be sufficient to meet the metabolic demands of the embryo. Because of the importance of hatchability and early posthatch growth on the market size of birds, the objective in the current study was to evaluate the effects of IOF of carbohydrates on hatchability, BW, and energy status in domestic pigeons (Columba livia).
MATERIALS AND METHODS

Birds and Incubation
Fertilized pigeon eggs were obtained from a commercial pigeon farm (Wenzhou, China), and all the eggs used were collected at 40 wk of age from hens belonging to the same breeder flock and were laid within a 24-h period. The eggs were incubated under optimal conditions (38.1°C, 55% RH) in the incubator. On 6 d of incubation, eggs were candled, and unfertilized eggs were removed from the incubator. All procedures were approved by the Animal Care and Welfare Committee of our institute.
IOF Procedure
Preliminary tests were conducted in our laboratory to determine the suitable time for injection and the optimum volume of feeding solutions. We observed that the amniotic volume present in the pigeon eggs was negligible by 15 d of incubation. Therefore, the time identified as suitable for in ovo nutrient injection was between 14 and 15 d of incubation in pigeon embryos. Subsequently, we found that in ovo injection of 0 (shell perforated but without solution injection), 100, 200, and 300 μL of 0.75% saline at 14.5 d of incubation did not affect embryo and neonate hatchability, BW, breast yield, or glycogen status. However, in ovo injection of 300 μL of low level carbohydrates (1.5% maltose + 1.5% sucrose in 0.75% saline) significantly decreased hatchability. Thus, IOF carbohydrates solution volume was reduced to 200 μL and the injections were administered on 14.5 d of incubation for pigeon embryos.
At 12 d of incubation, 400 fertile eggs with viable embryos were identified by number and weighed. The eggs were then randomly distributed into 5 groups of 80 eggs, each with a similar weight distribution (18.1 ± 2.5 g). All treatment groups were randomly represented on each tray level, with each tray level serving as a unit of replication (there were 4 replications in each treatment group). At 14.5 d of incubation, the amnion in the IOF group was identified by candling and was injected manually with 200 μL of IOF solution using a 21-gauge needle as described by Uni and Ferket (2003) . Immediately after the injection, the holes in the eggs were disinfected with ethylalcohol-laden swabs, sealed with cellophane tape, and transferred to hatching baskets. All eggs were held outside the incubator for less than 30 s while being injected. Donaldson (1995) demonstrated that just giving glucose to chicks at placement ended up being detrimental because it suppressed gluconeogenic enzymatic activity. Furthermore, because avian saliva is deficient in amylase, carbohydrate digestion cannot begin until these in ovo fed nutrients enter the small intestine and are subjected to hydrolytic cleavage by the pancreatic and mucosal enzymes (Foye, 2005) . Thus, simpler sugars (such as maltose and sucrose) were chosen as the carbohydrate sources for IOF solutions in this study. The IOF test solutions were 1) 1.5% maltose (M) + 1.5% sucrose (S), 2) 2.5% M + 2.5% S, 3) 3.5% M + 3.5% S, and 4) 4.5% M + 4.5% S. All the IOF solutions were prepared in 0.75% saline, autoclaved at 121°C for 15 min, and then allowed to reach room temperature before injection. These treatments were compared with noninjected controls that subjected to the same handling procedure as the IOF treatment groups.
Sample Collection
No dead embryos were observed between 12 d and 14.5 d of incubation; therefore, only postinjection embryo mortalities were accounted for calculating hatchability. On the day of hatch, within 2 h after hatch, 12 birds per treatment (3 birds per replicate) were randomly selected for sampling and individually weighed. The remaining birds in each treatment were transferred to the commercial pigeon farm and fed by adult pigeons because they are difficult to hand rear in the first few days during the immediately posthatch period.
Blood samples were collected from a jugular vein. After the serum was separated naturally, it was centrifuged at 3,000 × g for 10 min at room temperature. The separated serum was then stored at −80°C for glucose analysis. The yolk sac was removed from each of the young pigeon immediately after cervical dislocation and the weights recorded. Liver and pectoral muscle were cleaned of extraneous tissue, blotted, weighed, frozen in liquid nitrogen, and then stored at −80°C for glycogen and hepatic glucose-6-phosphatase activity analysis.
Biochemical Analysis
Serum concentration of glucose was measured by a microplate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA) using diagnostic kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the instructions of the manufacturer. The procedure for the determination of serum glucose was as described by Latour et al. (1996) .
Approximately 0.2 g samples of liver and pectoral muscle were homogenized in 8% perchloric acid (1 g/4 mL). The homogenates were then centrifuged at 6,000 × g for 15 min at 4°C and the supernatant was collected for glycogen assays. Liver and muscle tissue glycogen contents were determined spectrophotometrically (UV-2000, Unico Instruments, Shanghai, China) using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the instructions of the manufacturer. This colorimetric method for determination of glycogen contents has been described previously (Dreiling et al., 1991) .
Hepatic glucose-6-phosphatase activity was determined spectrophotometrically at 420 nm using procedures described by Donaldson and Christensen (1991) . The liver protein concentrations were determined using the Coomassie Brilliant Blue G-250 reagent with BSA as a standard, and glucose-6-phosphatase activity was expressed in micromoles of substrate hydrolyzed per minute per milligram of protein in the tissue.
Statistical Analysis
Data were statistically analyzed by one-way ANOVA by SPSS 16.0 for Windows (SPSS Inc., Chicago, IL). When significant differences were found (P < 0.05), Tukey post-hoc tests were performed. The effect of injection levels of carbohydrates was determined using orthogonal polynomials for linear, quadratic, and cubic effects.
RESULTS AND DISCUSSION
The effects of in ovo injection with different levels of carbohydrate solutions at 14.5 d of incubation on hatchability are presented in Table 1 . In ovo injection with 1.5% M + 1.5% S or 2.5% M + 2.5% S increased (P < 0.05) the hatchability compared with the control. Previous studies have been demonstrated that the positive effects of IOF may include increased hatchability Uni et al., 2005) . However, the injection of 200 μL of 4.5% M + 4.5% S into embryonated pigeon eggs was found to reduce (P < 0.05) hatchability. This high level of carbohydrate may cause an overload burden of energy metabolism on embryos. The detrimental effects of high levels of carbohydrates suggested that the concentration of injection solution should be limited to prevent excessive energy metabolism of the embryo and a subsequent decrease in hatchability.
The response of BW at hatch to in ovo supplemental carbohydrates was quadratic (P < 0.05), and BW was maximized by injecting 2.5% M + 2.5% S ( Table 2) . The results were consistent with those reported in a study conducted by Uni et al. (2005) , who showed that hatching broiler chick BW was increased by the in ovo injection of a 1.0-mL mixture of carbohydrates on d 18 of incubation. More specifically, in ovo injection with 2.5% M + 2.5% S increased the BW at hatch by 0.9 g in the current study. Previous studies have demonstrated that hatching weight is a major predictor of marketing weight in poults (Wilson, 1991; Uni et al., 2005) . Uni et al. (2005) found that a 2-g difference in BW at hatch due to IOF leads to a 50 to 60 g increase in BW at d 25 in chicks. Thus, the current study suggested that IOF may be a useful technique for increasing the market weight of growing pigeons. Changes in the yolk sac-free BW (YFBW) and YFBW/BW were similar to those of BW (Table 2) . At the same time, the residual yolk sac weights (YSW) at hatch decreased (P < 0.05) linearly by the injection with 3.5% M + 3.5% S compared with the control group (Table 3 ). This result is not consistent with that of a previous study by Zhai et al. (2011) , in which the in ovo injected birds exhibited an increase in YSW compared with the controls. Zhai et al. (2011) demonstrated that the increase in BW was due to the increase in residual YSW in the fructose and sucrose injection groups. However, our results indicated that the in ovo injection of carbohydrates increased the yolk sac nutrient utilization. This was clearly shown by the increases (P < 0.05) in YFBW and YFBW/ BW and decreases (P < 0.05) in YSW and YSW/BW. It is suggested that in ovo injection of carbohydrates may enhance the capacity for intestinal absorption in domestic pigeons.
There were no significant differences in liver glycogen concentration or total liver glycogen between any of the treatment groups on day of hatch in pigeons (Table 4 ). Other researchers have reported different conclusions concerning the effect of IOF carbohydrates on liver glycogen reserves. Uni and Ferket (2003) found that IOF of carbohydrates enhances liver glycogen reserves in chicks. Tangara et al. (2010) indicated that the combination of carbohydrate with arginine in the IOF solution enhanced liver glycogen level at hatch compared with controls. Foye et al. (2006) demonstrated that the in ovo injection of protein enhanced total liver glycogen reserves at hatch, whereas injection of carbohydrates had no effect. Hepatic gluconeogenesis is the primary pathway for glucose production in the avian embryos and neonates (Romanoff, 1967; Donaldson and Christensen, 1992; Christensen et al., 2000) . This process depends on the primary substrates of lactate (Kobayashi et al., 1989) and glucogenic amino acids (Edwards et al., 1997; Watford, 1985) . Besides, thyroid hormones are essential for stimulating gluconeogenesis and glucose production in the liver (Arrondo et al., 1981) . Thus, it is likely that there are at least 2 reasons why liver glycogen concentrations in pigeons were not affected by in ovo feeing of carbohydrate. One is that injection of carbohydrate into the amnion cannot afford substrates for hepatic gluconeogenesis, and the other one is probably due to the low levels of thyroid hormones in altricial pigeons at the day of hatch (McNabb, 1987) . As expected, the activity of hepatic glucose-6-phosphatase, one of the key enzymes of the gluconeogenic pathway, was also unaffected by in ovo injection of carbohydrates solutions in pigeons (Table 5) . In avian species, the liver functions in gluconeogenesis to recycle lactate carbon and the kidney is the major organ for net gluconeogenesis from substrates such as pyruvate and amino acids (Watford, 1985) . Further studies are needed to verify whether IOF of carbohydrate would affect kidney gluconeogenesis in pigeons. Unlike the liver, muscle tissues lack the enzyme glucose-6-phosphatase needed for the gluconeogenesis process, and require the stimulation of insulin for the uptake of glucose from the blood (Foye et al., 2006) . Insulin is released in response to elevated blood sugar levels after the consumption of a carbohydrate-rich meal. In the current study, pigeon serum glucose level at hatch in response to supplemental carbohydrates was quadratic (P < 0.05), and the glucose level was maximized between supplemental 2.5% M + 2.5% S and supplemental 3.5% M + 3.5% S (Table 5) . At the same time, the pectoral muscle glycogen concentration and total pectoral muscle glycogen increased (P < 0.05) quadratically as the concentration of injected carbohydrate solution increased, and the response was maximized by injecting 2.5% M + 2.5% S (Table 6 ). Previous studies have demonstrated that turkey embryos and hatchlings with elevated blood glucose levels had elevated glycogen concentrations compared with those with depressed blood glucose levels (Christensen et al., 2000) . The pectoral muscle plays an important role in the hatching process in the avian (George and Iype, 1963; Bakhuis, 1974) . Pectoral muscles exclusively use glycogen-derived glucose for a rapid and strong contraction that is essential to shell perforation and chick emergence (Moran, 2007) . Pectoral muscle glycogen is depleted due to the large amount of glycogen used by the muscles actively involved in hatching. Thus, it can be speculated that the increased hatchability by in ovo injection of carbohydrates may be attributed to the enhanced pectoral muscle glycogen reserves. Tangara et al. (2010) showed that when pectoral muscle glycogen concentrations decreased in ducklings, liver gluconeogenesis enhanced as reflected by the increase of liver glycogen concentrations. The elevated liver gluconeogenesis is an apparent attempt to accelerate the utilization of muscle protein, which may be detrimental to BW. In the current study, the enhanced pectoral muscle glycogen reserves spared the utilization of muscle protein to produce glucose via gluconeogenesis during the hatching process. This was clearly indicated by the increases in pectoral muscle weight (PMW) and PMW/BW (P < 0.05, Table 3) in the 2.5% M + 2.5% S group compared with the control. Numerous studies have demonstrated the positive association between BW at hatch and body glycogen level (John et al., 1988; Christensen et al., 1991 Christensen et al., , 1999 Christensen et al., , 2000 Christensen et al., , 2001 Christensen et al., , 2003 Warriss et al., 1992) . As the YSW decreased and the PMW increased in the in ovo treatments, it is reasonable to conclude that the increase in BW at hatch by IOF of carbohydrates in pigeon was due to the increase in the body protein (muscle) instead of sparing residual yolk.
In conclusion, we present the first data on effects of IOF of carbohydrate on an altricial bird. The data demonstrate that the injected carbohydrates are available for use and storage, which may provide the fuel for hatching and subsequent growth and development in domestic pigeons. In ovo feeding carbohydrates, especially at the level of 2.5% M + 2.5% S, on 14.5 d of incubation can improve the hatchability, hatching BW, and PMW by elevating the pectoral muscle glycogen reserves. Based on our findings, future studies can be carried out to determine the effects of IOF of carbohydrate on pigeon growth and development during the posthatch period. In addition, because the yolk sac nutrient utilization was enhanced in the in ovo treatments, further studies need to be conducted to verify if the in ovo injection of carbohydrate solutions could improve pigeon intestine development. 
